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Motivated by the huge need of data for non-equilibrium plasma modeling, a theoretical inves-
tigation of dissociative electron attachment to the NO molecule is performed. The calculations
presented here are based on the Local-Complex-Potential approach, taking into account five NO−
resonances. Three specific channels of the process are studied, including the production of excited
nitrogen atoms N(2D) and of its anions N−. Interpretation of the existing experimental data and
their comparison with our theoretical result are given. A full set of ro-vibrationally-resolved cross
sections and the corresponding rate coefficients are reported. In particular, a relatively notably
large cross section of N− ion formation at low energy of the incident electron and for vibrationally
excited NO target is predicted. Finally, molecular rotation effects are discussed.
PACS numbers: xxxxx
In our recent paper [1] we produced theoretical cross sections for the dissociative excitation of the nitric oxide (NO)
molecule by electron impact. In order to supply further data for the non-equilibrium plasma modeling, and based on
the same molecular data, in this letter we extend the calculations to its dissociative electron attachment (DA).
Although the NO molecule is only a minor constituent of Earth’s upper atmosphere, it plays a major role in
the infrared aurora borealis emissions [2] due to radiation coming from its vibrationally excited states, and in the
energy transfers in the boundary layer of the plasma created in front of the spacecrafts entering in the planetary
ionospheres [3–7]. Moreover, among the nitrogen oxide compounds NxOy, the NO molecule and its radicals have the
greater impact on the environment and on the pollution caused by human activities [8, 9], being also very important
in many industrial technologies [10–13] and in the optimization of combustion processes of the fossil fuels [14, 15].
Many theoretical studies [16–19] and experimental investigations [20–26] on the electron-NO reactions are available
and recently reviewed by Song et al. [27] and by McConkey et al. [28]. Specifically, concerning the DA process, the
theoretical studies are limited to very low scattering energy and to the few lowest vibrational states corresponding to
the ground electronic state of NO, and only few low-lying resonant states of NO− [18] are taken into account. The only
absolute experimental DA cross section measurements were performed by Rapp and Briglia [22] who observed O−
production from the v = 0 vibrational state of NO. Experiments have detected both excited nitrogen atoms and N−
production from DA [29–32] but these observations are not yet understood. Moreover, accurate collisional-radiative
models of plasmas, which are able to investigate internal energy exchanges, require a state-to-state approach, which
consists of cross sections resolved over the internal degrees of freedom for the consituent atoms and molecules [4, 5].
In this letter we present new calculations of ro-vibrational state-resolved cross sections and the corresponding rate
coefficients for the following three resonant DA processes:
e() + NO(X 2Π; v, j)→ NO− → N(4S) + O−(2P) , (DA1) (1)
e() + NO(X 2Π; v, j)→ NO− → N−(3P) + O(3P) , (DA2) (2)
e() + NO(X 2Π; v, j)→ NO− → N(2D) + O−(2P) , (DA3) (3)
where v and j represent the vibrational and rotational quantum number of the NO molecule. In the following, where
not explicit specified, we assume j = 0; rotational effects are discussed in the last part of the letter. Since the excited
electronic states of nitrogen atoms as well as its negative ion are unstable they undergo decays toward the ground
state N(4S): in the plasma, the reaction DA2 will be followed by detachment process by electron emission for N− [33]
and DA3 channel will be followed by radiative decay to N(2D).
As specified in [1], in order to cover a large energy range for the incident electron, we take into account five
resonant electronic states of NO−: three low-lying – i.e. of 3Σ−, 1Σ+ and 1∆ symmetries – and two higher – of
3Π and 1Π symmetries – close to the NO dissociation threshold. In the following, we will refer to these resonances
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2TABLE I: Asymptotic limit positions of the NO− resonant states considered in the calculations for the three DA channels
(1)-(3). The energy is expressed with respect to the asymptotic limit of the ground electronic state of NO. Experimental energy
values, from Mazeau et al. [33] and NIST database [38], are given in brackets for comparison. The last column reports the
correlation with the resonances for each channel.
Channel Limit Energy (eV) Symmetries
DA1 N(4S) + O−(2P) –1.460 (–1.46) 3Σ−
DA2 N−(3P) + O(3P) +0.068 (+0.07) 1∆, 1Σ+
DA3 N(2D) + O−(2P) +0.910 (+0.91) 3Π, 1Π
by r = 1, . . . , 5. The correspondence between each resonance r and a specific channel i = 1, 2, 3, associated to an
asymptotic (dissociation) limit, is reported in Table I, which also gives the electron affinity for each process.
According to the theoretical formalism of the Local-Complex-Potential (LCP) – previously used to study the NO
dissociative excitation process in [1] and the DA of O2 [34] – the DA cross section for an NO molecule initially on its
vibrational level v colliding with an electron of incident energy  and following channel i is given by [35]:
σiv() =
∑
r
2Sr + 1
(2S + 1) 2
gr
g 2
2pi2
K
µ
me
k
lim
R→∞
|ξrv(R)|2 , i = 1, 2, 3 , (4)
where 2Sr + 1 and 2S + 1 are the spin-multiplicities of the resonant electronic state of the anion and of the electronic
state of the neutral target respectively, gr and g represent the corresponding degeneracy factors, K is the asymptotic
momentum of the final dissociating fragments, k is the incoming electron momentum, µ is the reduced mass of NO
nuclei, me is the electron mass and ξ
r
v is the resonant wave function solution of the nuclear equation with total energy
E = v + : [
− }
2
2µ
d2
dR2
+ V −r (R)−
i
2
Γr(R)− E
]
ξrv(R) = −Vr(R)χv(R) , r = 1, . . . , 5 . (5)
In Eq. (5), V −r and Γr represent the potential energies and the autoionization widths respectively for the five resonant
NO− states included in the calculation, Vr the discrete-to-continuum coupling definied in [1] and χv is the wave
function of the initial vibrational state of NO with energy v:[
− }
2
2µ
d2
dR2
+ V0(R)
]
χv(R) = v χv(R) , (6)
where V0 is the potential energy of the ground electronic state of NO(X
2Π). Full details concerning the LCP theoretical
model are reported in [1] and in the seminal papers [35–37].
Figure 1 reports the complete set of potential energy curves for NO in its ground electronic state, and the five NO−
resonances and their corresponding autoionization widths. A discussion on molecular data determination as well as
all input parameters entering in the Eqs. (4)-(6) can be found in [1]. In order to validate the resonance widths used
in the present work and in [1], comparison with ab initio Kohn variation principle results available in the paper [19]
are shown in figure 2. Table II contains the list of the vibrational levels v supported by the NO molecule in its ground
rotational state, i.e. j = 0.
Figures 3–6 contain the results of this letter. In order to validate the theoretical model, figure 3 reports the
comparison between the calculated DA cross section for v = 0 with the experimental data of Rapp and Briglia [22].
The global agreement is quite satisfactory. Looking in detail, we note that the low energy contribution comes from
the DA1 channel, which corresponds to the N(4S) + O−(2P) fragments, both in the ground electronic state, and when
the DA3 channel opens, around 7.5 eV, the cross section is dominated by the production of the excited nitrogen atom
N(2D) and of the anion O−(2P). The contribution coming from the DA2 channel is negligible: Indeed, the electron
affinity of the nitrogen atom is positive and very small - see Table I - and, on the other hand, for low vibrational levels
the production of N− is energetically forbidden. This is consistent with the interpretation of the DA cross section for
NO given in [29, 30] and with the experimental observations reported in [31].
Figure 4 displays the cross sections branching ratios (BR) for some initial vibrational states v. They are defined
by:
BRiv() =
σiv()∑3
j=1 σ
j
v()
, i = 1, 2, 3 , (7)
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FIG. 1: Molecular data as determined in [1]. Left: Potential energy curves for the ground electronic state of NO molecule (solid
line) and for the five NO− resonances (broken lines) included in the calculations, for j = 0; Right: The corresponding widths
of the resonances.
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FIG. 2: Autoionization widths of the low-lying NO− resonances: Comparison of the values used in the present calculation with
those coming from the Kohn computations [19].
v v (eV) v v (eV) v v (eV)
0 0.000 18 3.581 36 5.745
1 0.236 19 3.739 37 5.823
2 0.468 20 3.892 38 5.897
3 0.695 21 4.040 39 5.967
4 0.918 22 4.185 40 6.033
5 1.137 23 4.324 41 6.094
6 1.351 24 4.460 42 6.150
7 1.561 25 4.591 43 6.203
8 1.767 26 4.718 44 6.251
9 1.968 27 4.840 45 6.294
10 2.164 28 4.958 46 6.333
11 2.357 29 5.072 47 6.368
12 2.545 30 5.181 48 6.399
13 2.729 31 5.286 49 6.425
14 2.908 32 5.386 50 6.446
15 3.083 33 5.483 51 6.464
16 3.253 34 5.574 52 6.477
17 3.419 35 5.662 53 6.485
TABLE II: Energies of the vibrational levels of the electronic ground state of the NO molecule for j = 0. The dissociation
energy for the ground vibrational level is D0 = 6.490 eV
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FIG. 3: O− production from DA1 and DA3 processes for v = 0: Comparison of the present calculations for j = 0 with the
experimental data of Rapp and Briglia [22].
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FIG. 4: Cross section branching ratios for the three DA channels in (1-3) for v = 0, v = 10, v = 20 and v = 30 , for j = 0.
where i stands for the channel. In general, for all values of v, the DA1 and DA3 channels provide the major contribu-
tions to the reaction products. In particular, DA1 dominates the cross section at low and at high energies, whereas DA3
is important at intermediate energies. This is due to an interplay of two factors: (i) The DA3 threshold is higher than
the DA1 one and, as a consequence, this latter channel dominates at low energies; (ii) The resonance/autoionization
continuum couplings within the 3Π and the 1Π symmetry are smaller than those within the 3Σ− symmetry, and
they are confined to a narrow energy range around the DA3 threshold, meaning that the contribution of the channel
(3) drops off quickly at higher energy. The DA2 channel becomes more prominent as the NO vibrational level, v,
increases. The importance of the DA2 channel depends on energy as does that of the DA1 one, as a consequence of
the similarity of the couplings characterizing the states to which they are correlated - see rhs of figure 1. The DA2
contribution becomes evident close to the N− threshold and at high energies: In general its contribution ranges from
20 % to 40 % of the total cross section. In particular, for v = 20, we notice an enhancement of the BR close to 3 eV,
where the Franck-Condon factors are particularly favorable, and where the DA2 channel becomes dominant in the
DA of NO and, consequently, in the production of N− anions.
Figure 5 provides an overview over vibrational - and channel-resolved absolute cross sections for NO dissociative
electron attachment. To validate the numerical results, we varied the coefficients in table 1 of [1] by ±10% and found
that the effect on the cross sections is negligible. Figure 6 reports the full sets of results for O− production (DA1 and
DA3 channels) and for N− formation (DA2 channel) – resolved over the vibrational ladder – for DA rate coefficient
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FIG. 5: Overview over vibrational- and channel-resolved cross sections for NO dissociative electron attachment process for
j = 0.
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FIG. 6: Summary on vibrational state-resolved rate coefficients for NO dissociative electron attachment process: on the left
side, O− production sum over DA1 and DA3 channels; on the right side, N− formation coming from DA2 channel.
Kv, by assuming a Maxwellian distribution for the electrons at temperature Te:
Kv(Te) =
(
1
mpi
)1/2 (
2
kBTe
)3/2 ∫
 σv() e
−/kBTe d . (8)
Since three channels contribute to the full cross section, and the dissociative paths open at different thresholds, the
trend of the rate coefficient as a function of the vibrational level v is not regular.
Finally, figure 7 shows the effects of molecular rotation on the cross sections for the three channels DA1, DA2 and
DA3, for v = 0. As expected, for all three processes, rotational excitation generates a threshold-shift in the curves
toward smaller energies: This behaviour is, basically, due to the fact that the depth of the potential well decreases as
the rotational quantum number j increases and accordingly the corresponding channel open earlier. The calculated
rotationally excited cross sections are essentially insensitive to j at high energies for DA1 and DA3 channels, whereas
the DA2 process exhibit a large rotational effect and the whole cross section increases by several order of magnitude
as a function of j. The reasons for this behaviour can be traced back to the shape of the effective potentials for j > 0
compared to that for j = 0 and in particular on the relative positions of the NO− asymptotes compared to the NO
asymptote: for the DA2 process the NO−(1∆), and NO−(1Σ+) thresholds are very close to the NO threshold, the
effective potentials for j > 0 are a ‘compressed-copy’ of the j = 0 one and this drives an enhancement in the cross
sections - i.e. same shape but at higher energies. Conversely, rotational excitation distorts the shape of the effective
potentials and this effect disappears.
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FIG. 7: Effects of molecular rotation on cross sections for v = 0.
In conclusion, in this letter we presented ro-vibrational state-resolved cross sections of the dissociative electron
attachment process for the nitric oxide computed by using the theoretical formalism of the Local-Complex-Potential.
We focused on three different channels of scattering (1-3), which result in the production of excited nitrogen atoms
and of N− anions. The principal results can be outlined as follows:
(i) The major contribution to the experimental DA cross section for v = 0 is due to the production of nitrogen
atoms in the excited state N(2D);
(ii) An important amount of N− ions is produced in the DA of vibrationally excited NO molecules;
(iii) Large rotational effects are found in particular for DA2 channel where the corresponding cross section increases
by several orders of magnitude compared to that for j = 0.
The full set of data obtained in the present work and in [1] are available on LXCat database (www.lxcat.net/Laporta)
[39].
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